A composite mixture of the colossal magnetoresistive oxide, La 0.67 Ca 0.33 MnO 3 and non-magnetic, insulating silicate/borate has been prepared, using the glass route with different nucleating agents. It is found that Sb 2 O 3 is very effective in preferentially nucleating the LCMO phase compared to Cr 2 O 3 . The LCMO phase present in the as-quenched state in the three cases is found to grow as a result of annealing at 900
Introduction
The presence of large magnetoresistance (MR) in mixed valence manganites with a perovskite type structure has lead to considerable scientific and technological interest in these oxides. These oxides are of the generic type R z A 1−z MnO 3 where R is a trivalent rare-earth ion and A is alkaline divalent ion. The coincidence of metal-insulator transition temperature with the ferromagnetic-paramagnetic transition results in suppression of resistivity in the presence of an external magnetic field and a concomital 'negative' MR [1, 2] . The external magnetic field required to give 'colossal' MR is in the tesla-range which is very high for practical applications, such as magnetic switching or recording devices. Hence, several efforts are being made to decrease this field and still retain the 'colossal' MR in manganite-based systems. Sun et al. [3, 4] have substituted Mn partially with Cr and studied the MR response. They find that the resistivity increases with increasing Cr and exhibits a double peak behavior for Cr ≤ 0.2. The MR, however, reaches a value of only 40% in fields as high as 6.0 T. Petrov et al. [5] find that the MR is greatly enhanced when La 0.67 Ca 0.33 MnO 3 (LCMO) is mixed with a non-magnetic insulator, such as SrTiO 3 . The MR exhibits a peak at a conduction threshold of 60% LCMO. The magnetic transition temperature in this case however is decoupled from the electrical transition temperature which is lowered to ≈100 K compared to a T c of 310 K. The absolute resistivity of the composite at the MR peak is found to increase by about three orders of magnitude compared to bulk LCMO. The MR response was found to be different when LCMO was mixed with a nonmagnetic metal, such as Ag [6] . The MR peak shifted to room temperature and the overall resistivity decreased when the mixture was calcined at temperatures above the melting temperature of Ag. The MR in LCMO was found to be sensitive to the grain size and vanished for sizes below 150 nm [7] .
The two microstructural length scales that have a direct influence on the MR behavior in these materials are: (1) size (volume) of the ferromagnetic phase and (2) the spinscattering distance of charge carriers. Both these length scales can be significantly influenced by the processing conditions. In the present work, the glass-ceramic technique is used to engineer the microstructure to produce a manganite/nonmagnetic insulator composite. The size and volume fraction of the ferromagnetic manganite phase is controlled by nucleation with different nucleating agents. The spin-scattering distance which depends on the composition and extent of order at the manganite/insulator interface, however cannot be directly controlled. The manganite/non-magnetic insulator composite in the present work consists of predominantly La 0.67 Ca 0.33 MnO 3 together with silicates/SiO 2 . In order to enhance glass formation in the as-prepared state, B 2 O 3 which is known to generally promote glass formation has been used. Sb 2 O 3 and Cr 2 O 3 have been used as effective nucleating agents in a variety of systems ranging from ferrites to high temperature superconductors. Hence, about 1 mol% of these have been used in the present work to study their effectiveness in preferentially nucleating the LCMO phase. The magnetic and electrical properties of these composites have been studied as a function of temperature and external magnetic field. These results are discussed in terms of the microstructure of the composites.
Experimental methods
The magnetic glass-ceramic composite, La 0.67 Ca 0.33 MnO 3 :SiO 2, was prepared by a two-step process [8] . In the first step, high purity La 2 O 3 , CaCO 3 , Mn 2 O 3 , H 3 BO 3 , SiO 2 powders together with or without the nucleating agents-Sb 2 O 3 and Cr 2 O 3 , were thoroughly mixed mechanically for several hours and melted at 1200 • C. After about 8 h at 1200 • C, the molten mass was quenched between two steel plates to form flakes of the composite. The composition of initial powders was adjusted so that the resulting flakes have 54 mol% La 0.67 Ca 0.33 MnO 3 , 10 mol% SiO 2 and (36−x) mol% B 2 O 3 , where, x is the mol% of the nucleating agent. The amount of nucleating agent x was kept constant at 1 mol%. The quenched flakes were powdered and the powder was treated with acetic acid at room temperature for 5 days to completely remove the glass forming borate component and thus, enrich the manganite component. In the second step, the resulting LCMO:SiO 2 composite powder was pressed into pellets and heat treated in air at 900 • C for 8 h. The microstructral characterization was done, using a combination of X-ray diffraction and transmission electron microscopy. The magnetization as a function of temperature T and external magnetic field H was studied, using a vibrating sample magnetometer. The magnetization variation with temperature was measured in a field of 0.5 T. Additionally, the magnetic hysteresis behavior of the composites was studied at 4.2 K in fields up to 6.0 T. The dc electrical resisitivity of the composites was measured in the temperature range 80-300 K, using the standard linear array four probe technique.
Results and discussion
The presence of various phases in the composites at different stages of processing was determined by X-ray diffraction and the results are shown in Fig. 1(a) -(c). The as-prepared composite in the case of samples without any nucleating agent and with the addition of Sb 2 O 3 clearly show the presence of crystalline LCMO phase in a glass matrix confirming the formation of a glass-ceramic, Fig. 1(a) . In the case of Cr 2 O 3 , nucleated samples, however, evidence for the presence of LCMO crystalline phase could be seen but not the LaBO 3 phase. Etching with acetic acid at room temperature, however shows that LCMO phase together with the LaBO 3 phase are present even in the Cr 2 O 3 nucleated sample indicating that the volume fraction of crystalline phase in as-prepared sample is small. The composition without the nucleating agent and with Cr 2 O 3 as nucleating agent show the presence of other crystalline phases together with LCMO after etching while in Sb 2 O 3 nucleated sample only the LCMO phase is seen, Fig. 1(b) . These results clearly show that Sb 2 O 3 is a good nucleating agent for the LCMO phase when compared to Cr 2 O 3 . Annealing the etched powder at 900 • C for 8 h results in the nucleation and, growth of other crystalline phases, excepting the case where Sb 2 O 3 was used as nucleating agent, Fig. 1(c) . The grain size of LCMO in all the cases was determined from the FWHM of different peaks, using the Scherer relation and is found to be in the range 30-50 nm prior to annealing treatment. After annealing at 900 • C for 8 h the grain size was not found to increase significantly indicating a resistance to grain growth. This is plausibly due to the limited diffusional kinetics available to the system to effect long-range rearrangement of several elements, required for significant grain growth to occur for the LCMO phase.
Transmission electron microscopy together with selected area diffraction of the etched powders clearly shows a glassceramic two phase structure in all the cases. A typical bright field image together with the diffraction pattern is shown in Fig. 2 . The diffraction pattern shows a diffuse ring superimposed with the crystalline pattern indicating the presence of a glass-crystalline two-phase structure, both before and after etching the powders. The crystalline diffraction pattern becomes clear after etching the powder with acetic acid clearly showing that the etching process removes the borate based glassy phase. The silicate-rich glassy phase, however cannot be removed with acetic acid etching and remains with the LCMO crystals as a non-magnetic constituent. The grain size is found to be <100 nm, in agreement with the grain size determined from X-ray diffraction peaks. The X-ray diffraction and electron microscopy results clearly show that LCMO crystalline phase has a low nucleation barrier and hence, is difficult to suppress its formation in the as-quenched stage. However, it has a significant resistance to grain growth due to long-range diffusional constraint of several elements. The liquid mixture has a strong chemical segregation behavior prior to liquid quenching which leads to the formation of a multi-phase composite structure in the solid state except when Sb 2 O 3 is present as a nucleant.
The variation of magnetization M with external field H was studied at 5 K up to 6.0 T and the results are shown in Fig. 3(a)-(c) . All the three samples (with and without nu- cleating agents) do not show true saturation even at external fields of the order of 6.0 T, an indication of the presence of nanocrystals of LCMO. The H c and M r values are found to be lowest when LCMO was nucleated by Sb 2 O 3 , 200 G and 4.3 emu g −1 , while they were highest for Cr 2 O 3 nucleation, 400 G and 6.85 emu g −1 , respectively. These values are higher compared to the values for bulk monophasic LCMO [9] . This type of behavior is observed when the magnetic disorder is high and also when a significant portion of this phase is in a superparamagnetic state. The magnetic disorder provides sites for pinning which result in increasing the coercive fields, H c . The variation of M with temperature T in the range 4-300 K in an external field of 0.5 T shows a typical ferrimagnetic behavior in all the cases and is shown in Fig. 4 . The non-magnetic to magnetic transition temperature, T c is found to be different and smeared compared to pure LCMO and is given in Table 1 . The LCMO phase nucleated by Sb 2 O 3 has the lowest T c of 210 K while it is 244 and 265 K respectively for the Cr 2 O 3 nucleated and the base composition. These values are lower than ≈270 K reported for the pure bulk LCMO phase and also the transition range is large in the present case. It is worth noting here that although Sb 2 O 3 nucleation leads to the formation of only the LCMO phase the T c value for this is the lowest at 210 K compared to bulk LCMO determined from magnetization studies. Another feature in the magnetization M is a kink with an upward turn at T ≈ 50 K.
The zero magnetic field electrical resistivity ρ of the etched and annealed composites was studied in the temperature range 80 K-300 K and the results are shown in Fig. 5 . In all the cases, a clear metal to insulator transition occurs at a temperature T M-I , given in Table 1 . The transition temperature in all the cases again is lower compared to pure, bulk LCMO T M-I of 270 K and the width of the transition is also found to be large, similar to magnetic transition results. The absolute resistivity is found to be higher by about five orders Table 1 Magnetization and resistivity data of composites etched and heated at 900 • C for 8 h T c is the magnetic transition temperature, H c the coercive field, M is the magnetization at 5 K in a field of 0.5 T, T M-I the electrical transition temperature and ρ the room temperature resistivity. LCM, LCMSb and LCMCr are compositions without nucleating agent, with Sb 2 O 3 and Cr 2 O 3 as nucleating agents, respectively. of magnitude compared to bulk LCMO. The high resistivity, low and broad transition temperatures are in agreement with the microstructural results which show the presence of nanocrystalline multi-phases [10] . An interesting feature observed in the present work is the presence of a double peak in the resistivity at ≈230 and 215 K in Cr 2 O 3 nucleated LCMO. Such behavior has been observed earlier in Cr substituted La-Ca/Sr-Mn-O and has been attributed to two double exchange processes-Mn 4+ -O-Mn 3+ and Mn 3+ -O-Cr 3+ taking place in these substituted systems [3, 4] . The presence of this feature shows that Cr 2 O 3 acts as a substitutional addition and not just a nucleating agent. The electron transport and magnetic behavior of LCMO depends critically on factors, such as oxygen concentration, substitutional doping, absolute grain size and the presence of non-magnetic, insulating phases [11, 12] . In the present work, the effect of nucleating agents Sb 2 O 3 and Cr 2 O 3 on the physical properties when compared with non-nucleated LCMO is found to be very different. These results clearly indicate that Sb 2 O 3 and Cr 2 O 3 play a more active role than merely aiding the process of nucleation of the crystalline phase. The absolute amount of LCMO phase to be present in the various samples can be determined from a simple mass balance approach and according to this after etching away the glass forming B 2 O 3 phase the LCMO phase fraction increases from 54 to 84%. The theoretical value of magnetization corresponding to this amount of LCMO phase should be ≈75 emu g −1 . In the present work, however, the maximum value of magnetization is found to be only ≈29 emu g −1 for Sb 2 O 3 nucleation. These results clearly show that the equivalent volume of LCMO phase is ≤30% in all the cases with the rest comprising of nonmagnetic SiO 2 based phase. Similar LCMO:SiO 2 composites made by sol-gel technique however, do not show a decrease in T c but a slightly reduced magnetization [13] , indicating that the nature of magnetic disorder in the present liquid quenched composites is very different. The presence of a kink in the magnetization (Fig. 4) at T < 50 K has been observed in composites of LCMO with SrTiO 3 and substituted LCMO. This behavior has been attributed to the presence of disordered grain boundaries and covering of the LCMO grains by a nonmagnetic insulating phase. Such disorder leads to canting of the Mn-spins at the surface, which also causes a reduction in M and T c , and broadening of the transition [14] , observed in the present work also. The presence of non-magnetic insulating phase should also result in a variation of the electrical transport behavior, since the samples now consist of manganite/insulator mixture. Petrov et al. [5] found the room temperature resistivity of LCMO/SrTiO 3 manganite/insulator mixture increases by about four orders of magnitude to ∼10 2 m when the LCMO fraction decreases to <0.3. The room temperature resistivity in the present work is found to be in the range 10 1 -10 2 m, clearly supporting the magnetization results of manganite phase dilution and also in agreement with the results of Petrov et al.
Conclusions
The role of nucleants on the formation of crystalline La 0.67 Ca 0.33 MnO 3 phase in a borosilicate glass base has been investigated. It is found that LCMO phase formation takes place in the as-quenched state itself, indicating a low nucleation barrier. Sb 2 O 3 is found to inhibit the nucleation of crystalline phases other than LCMO, while Cr 2 O 3 has no effect on the nucleation behavior of the various phases. The magnetization and electrical transport studies clearly show that the LCMO phase is highly disordered in all the cases. Annealing the two phase mixture does not result in significant growth of the LCMO phase due to limitations of long range diffusive rearrangements required for the formation of the stoichiometric LCMO phase and thus, helps in retaining the nanocrystalline nature. The presence of a clear non-magnetic to magnetic transition in all the cases, however indicates that high MR is possible due to the formation of a magnetic/non-magnetic composite mixture of phases.
